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Introduction
Vineyards under production for wine grapes, table grapes or dried grapes account for a total 61 of 7.5 million hectares and more than 75.8 million metric tons worldwide for a global trade icosahedral capsid is known from our previous crystal structure analysis 15 and follows a 73 pseudo-T = 3 triangulation. It is composed of 60 copies of the capsid protein (CP), which folds 74 into three jelly-roll ß sandwiches 15 . 75 Since their discovery 3 , single-domain antigen-binding fragments of camelid-derived heavy 76 chain-only antibodies, also known as Nanobodies (Nb) 4 , have proven to be of outstanding 77 interest as therapeutics against human diseases and pathogens 5-7 including viruses [8] [9] [10] . Recent 78 reports also revealed their effectiveness to confer resistance against plant viruses. Thus, 79 transient expression of Nb against broad bean mottle virus (BBMV) attenuated the spreading of 80 the cognate virus in Vicia faba 11 . Recently, we showed that the constitutive expression of a 81 single Nb named Nb23 specific to GFLV confers resistance to a wide range of GFLV isolates 82 in both the model plant Nicotiana benthamiana and grapevine 12 , but the molecular basis of 83 GFLV recognition and the mechanism of resistance induced by Nb23 are unknown. Moreover, 84 while one of the homozygous N. benthamiana lines tested was fully resistant to GFLV, another 85 line showed infection at low frequency (3.2%), suggesting the existence of resistance-breaking 86 (RB) variants 12 whose mechanism of action remains unclear. 87 To address the molecular basis of Nb23-GFLV recognition, we determined the cryo 88 electron microscopy (cryo-EM) structure of the GFLV-Nb23 complex at high resolution. The 89 structure reveals that Nb23 bridges over 3 domains of the CP and it provides unprecedented 90 insights into the epitope and the residues involved in the interface, including the mechanism of 91 molecular recognition of the antigen-binding loops. We find a perfect correlation between 92 mutations detected in RB variants and the Nb23 epitope observed in the structure, which 93 explains the resistance loss in escape variants (EV). In agreement with the fact that the 94 conformational surface epitope recognized by the Nb23 partially covers a cavity involved in 95 vector transmission 15,16 , we show that EV preexist in natural viral populations at low frequency. 96 We also uncover that the most frequently found EV with extended CP are deficient in 97 transmission by nematodes.
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Results
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To gain molecular insights into the mechanism of GFLV recognition by Nb23, precisely cryo-EM map was used to build an atomic model with proper model geometry and statistics 106 using the Phenix software 20 which involved manual model building and refinement notably of 107 the antigen-binding loop region (see methods). The 3D reconstruction displays the 3 core parts 108 of the complex: the virus capsid, the Nb at the outer surface and the genome inside ( Fig. 1) . 109 The structure reveals that Nb23 binds at the surface of the GFLV capsid in the vicinity of the 5- from each other to allow 60 of them to attach and reach full 1:1 stoichiometric binding without 114 bridging neighboring CPs. Consistent with this finding, we observe the same stoichiometry by 115 native gel analysis upon titration of GFLV with increasing amounts of Nb23 ( Fig. S3) . 116 Local resolution estimation shows that while Nb23 is moderately ordered at the periphery 117 (3.5-5 Å resolution towards the C-terminus), it is very well defined in the region of interest 118 enabling a precise analysis of the interactions within the interface between Nb23 and the capsid 119 ( Fig. 2 ). The part of Nb23 that is oriented towards the capsid exhibits clear side-chains 120 densities ( Fig. S2 ) and includes the important antigen-binding loops (Fig. 2D&E ). The viral 121 capsid is well defined (including the very N-and C-terminal ends) and comprises the A, B and 122 C domains of each CP (Fig. 2A&B ). The interaction region between Nb23 and the capsid 123 involves residues of the complementarity determining regions (CDR) 2 and 3 of Nb23, as well 124 as the two neighboring CP domains A and B (2 out of the 3 jellyroll ß-sandwiches of the CP). 125 These structural elements jointly form a composite binding site with two core interacting 126 regions denoted 1 and 2 ( Fig. 2A ,D,E), adding up to a total interaction surface of ~1100 Å 2 . 127 This large binding area is consistent with the formation of a stable Nb23/GFLV complex and with the high affinity of Nb23 for the virus as determined by microscale thermophoresis (Kd = 129 9.13 ± 2.91 nM, n = 3, Fig. S3 ). 130 The structure allows a precise mapping of the Nb23 epitope on the GFLV capsid and 131 identifies the key residues of Nb23 CDR2 and CDR3 and of GFLV involved in the specific 132 molecular recognition events occurring upon complex formation. Within the two core 133 interacting regions ( salt bridge interaction with Arg55 Nb23 . This selection mechanism may contribute to Nb23 160 specificity towards the GFLV antigen 12 . 161 The structure shows that the interface between Nb23 and CP is highly complementary, 162 and also includes the C-terminal CP residue Val504 that is recognized by Lys54 Nb23 . One can 163 therefore hypothesize that disrupting the molecular interface of the epitope region would lead Xiphinema index. Remarkably, as can be seen in the structure, the Nb23 epitope and the ligand-217 binding pocket (LBP) partially overlap on the capsid surface ( Fig. 4A,B ). The LBP is predicted 218 to be involved in the specific transmission of GFLV by its nematode vector 15,16 , in particular 219 the loops surrounding the C′C″ loops in the CP B-domains comprising residues Tyr 216 , Phe 502 220 and Val 504 (Fig. 4A,B ). The present structure-function analysis thus clarifies why RB mutations 221 not only hinder Nb23 binding but in the case of the C-terminal extensions also interfere with 222 GFLV transmission.
Taken together, this study provides new insights into the molecular mechanism of Nb23-224 mediated recognition of GFLV including the location of the Nb next to the five-fold symmetry 225 axes on the capsid (Fig. 1 ) and the detailed description of the interface between the GFLV 226 epitope and Nb23 (Fig. 2) . The epitope consists of a composite binding site involving domains 227 A, B and C of the CP that interact with the CDR2 and CDR3 of Nb23 (Fig. 2) . Remarkably 228 consistent with the epitope seen in the cryo-EM structure, the RB mutations all map to 229 neighboring residues exposed on the outer-surface of the GFLV capsid ( Fig. 3 & Fig. S4 ), 230 which we show preexist at low frequency in virus quasispecies (Fig. 3) . Specifically, the 231 structure explains the mechanism of action of the C-terminal extension mutants in overcoming 232 resistance: the extra 3, 5 or 12 residues at the C-terminus of the CP from GFLV EV would 233 interfere with Nb23 binding due to steric clashes and loss of specific hydrogen bonds (in 234 particular between the free carboxylate group of the CP last residue, Val504, and the Lys54 Nb23 235 region; Fig. 2E ). This would prevent contacts with CP Val504 and occlude the highly specific 236 interface necessary for Nb23-GFLV recognition (Fig. 4C ). This manner to interfere with Nb23 237 binding and prevent GFLV neutralization is likely more potent than single residue missense 238 mutations such as Tyr216His or Phe502Leu, which may explain why most escape mutations 239 consist in C-terminal extensions of the CP. These EV lead to both resistance loss and 240 transmission deficiency due to the overlap between the epitope and the LBP (Fig. 4) . 241 Interestingly, this resistance mechanism is different from the one proposed for norovirus-242 specific Nbs 22 , which is based on an Nb-induced capsid destabilizing activity. However, the 243 specific RB mechanism observed here has its fitness cost because it occurs to the detriment of 244 the transmission of the virus by its vector. In this respect and considering that the RB mutants 
